Plane traveling waves can be described by attenuation per meter, phase shift per meter, and characteristic impedance. The methods used for measuring these are well known. Results will be given and compared with theory.
The reported measurements were done with sound velocity perpendicular to the fibers of the glass wool.
The measurements will be compared with the theoretical predictions. A full report of the theory will be given in another paper at a later time. The purpose of measurements is to see if the physical assumptions of the theory are sufficient to describe accurately the acoustic properties of glass wool.
Early authors on measurement of the acoustic properties of sound absorbing material are Zwikker and Kosten (1949).
They described many ways standing wave tubes may be used. In each case a sample of the material was placed in one end of a tube and in the other end was placed a sound source. Between the sound source and the sample was air. In this air a standing wave was generated. The ratio between the maximum and minimum of the sound pressure was measured. From this the numeric value of the impedance could be calculated. If one measures the distance from the sample to the first minimum of the standing wave, the phase of the sound sample impedance may be found. The sample used for measurement by the tube method was placed on a rigid metal plate, which closed the tube. In the paper by Boker (1969) it is shown how one, from impedance measurements on samples of thickness 10 and 5 cm, can compute the characteristic impedance. The wave vector for monochromatic waves may also be computed.
Hersh and Walker (1980) used a tube with a long sample, where reflections of waves in the sample could be neglected. They measured the pressure inside the sample with a very thin probe microphone. The distance from the surface of the sample to the microphone was measured, together with the sound pressure. From this they found the attenuation constant of the sample, that is, the imaginary part In most tube methods one measures the impedance of the sample including reflections of waves from a rigid back plate. In this paper we are interested in measuring the intrinsic properties of glass wool. We study the properties of glass wool itself independently of surfaces such as rigid back plate.
It was thought that it would be more accurate to use a more direct method than the one used by Boker (1969) to find the characteristic impedance and wave vector. It was therefore decided to use thick samples for the measurements of the characteristic impedance and the wave vector. The sound waves were attenuated in the glass wool. The wave reflected from the back of the sample could therefore not interfere with the incoming wave in the front of the sample, if the samples were thick enough. They were always so thick that these reflections could be neglected.
One can comlmte the compressibility and the flow resistance of the sample from measurements of the characteristic impedance and the wave vector. This was tried, but the results were very scattered due to experimental errors in the measurements of characteristic impedance and wave vector. Much more nearly accurate values were needed for comparison with theory. It was therefore decided to develop a new direct method of measuring the compressibility and flow resistance. This is presented in the following.
I. THEORY
A themy of compressibility and resistance of fiber materials has been worked out by the author The details of the theory will be reported in another paper at a later time. Here some results will be given together with the assumptions of the theory. Only linear properties are considered, that is the sound pressure is assumed to be small.
A. Compressibility
Glass wool is regarded as a continuous medium for When the air is compressed due to the sound waves, the temperature of the air between fibers increases. The temperature increase is diminished by the heat conduction from air to fibers. The temperature of the air is calculated by solving the differential equation for heat transport. From this one finds the compressibility. The compressibility divided by the adiabatic compressibility of air itself is C/Co = 7-( 7-1 )(r), 
where a is rrhe radiius of the fibers, and b 2 is the mean area 
where to is the cyclic frequency=2yrXfrequency, Po is the mass density of ai', % is the heat capacity of air of constant pressure per mass unit, and •: is the coefficient of thermal conductivity of air. In this paper we use the complex time factor, e -itøt (5) where t is the time.
B. Resistance
Strictly speaking the resistance is a tensor because glass wool is anisotropic. However, if the pressure depends only on one space coordinate x, the resistance R can be defined from dp The air column may be regarded as mass-spring oscillator. The air at the microphone acts as the mass and the air at the closed end corresponds to the spring.
When there is glass wool in the tube, the spring is weaker than it is when the tube is empty. When air is compressed heat is generated and the temperature rises. But this temperature rise is small for the air between glass fibers, small. If the temperature rise is small the pressure rise is small, therefore the air spring is weak when it contains glass wool.
The resonance frequency is a little lower for the tube with glass wool than for the empty tube, because the weak spring gives a lower resonance frequency. If the shift in resonance frequency is measured, one may calculate the compressibilit5 of the glass wool.
C. Measuremen,t procedure
The length of the tube from the end plate to the middle of the microphoebe membrane was measured. The frequency of the pressure minimum of the tube without glass wool was measured. Actually, the two frequencies where the pressure was 3 dB over the pressure minimum where measured. The mean of these two frequencies was used as the resonance frequency, because this mean was more well defined than the frequency of the fiat minimum.
The thickness of the sample was measured. The glass wool sample was placed on the end plate. The resonance frequency was measured.
The filter in ] Fig. 2 was necessary because the fundamental frequency of the sound pressure is suppressed by the resonance. Harmonics generated by the loudspeaker membrane were removed by the filter. These harmonics are not connected with nonlmearity of the sound waves.
The compression is nonlinear at high pressure. In order to check for nonlinearity, the frequencies were always measured with the following voltages on the loudspeaker 0.1, 0.5, and 1.0 V. A further check for linearity was done by measuring the pressure on the end plate before the actual measurements. This was done by replacing the end plate by a plate with a microphone holder. This is not shown in Fig. 1 . The pressure was observed on the oscilloscope. The compression was linear for all voltages on the loudspeaker used in the following measurements.
D. Calculation of compressibility
The sound velocity generated by the loudspeaker at the microphone could be assumed to be constant in a narrow frequency band •,bout the resonance frequency, because the sound pressure is very small in this frequency range. Therefore the resonance frequency was determined by the acoustic properties of the tube to the left of the microphone in Fig. 1 .
The resonance frequency can be computed by Ray- 
o., fpu 2 ax where u is the velocity, which we assume is the same for the empty and the tube with glass wool. That is u = u0 sin( wx/2L ),
where u 0 is a constant. When Eq. (22) is set into (21), one gets the dissipation factor from the resistance of the sample:
The value R of the resistance was measured, and it is given in a following section of the paper. The dissipation factor due to the resistance was computed from ( 
III. RESISTANCE
The resistance is an important property of glass wool. It determines, together with the compressibility, the sound velocity and attenuation. The resistance is defined in Eq. (6).
A. Measurements setup
The measurements were done with the tube shown in Fig. 1 . The glass wool sample was placed across the tube close to the microphone at the left side in Fig. 1 . At the frequency where the distance from microphone to the closed end of the tube was a quarter of a wavelength, the pressure was very low. The samples used at the high frequencies were thin, about 1 mm, in order to have a resonance with a small dissipation factor. The samples were supported by thin steel rods that prevented them from moving.
The electronic system was the same as the one used for compressibility measurements, see Fig. 2 .
R. Measurements procedure
The thickness of the sample was measured. The thickness of the thin samples used at high frequencies were found from their weight, area, and the density of the glass wool. 
The results of the measurements are shown in Fig. 4 . It shows the real palt of the resistance. The continuous curve was calculated from theory. At low frequencies the real part of the resistance is constant. The resistance is proportional to the friction force on the fibers for a given mean velocity of air between the fibers. The force of friction is proportional to the gradient of the air velocity at the fiber. The gradient does not depend on frequency, if it is low. Therefore the resistance does not depend. on frequency. At high frequericies, however, the friction takes [,lace in a thin boundary layer close to the fibers. In this boundary layer, the gradient of the velocity is higher lhan it is in the low-frequency case. Thus resistance rises with frequem:y. 
D. Agreement with theory
The continuous curve in Fig. 4 was computed from the theory. The radius of the fibers was assumed to be 3.4 •zm. It was measured as described in Sec. I E and b=89+-2 gm gave the best fit to the experimental data. The resistance is sensitive to this distance. The quantity b=75-+5 /•m was found from the mass density. This is not far from the value from the measurements of resistance. One can conclude that the agreement between measurement and experiment is good. Measurements of characteristic impedance, attenuation, and phase of monochromatic plane traveling sound waves in glass wool were also reported. The measurements were compared to theoretical results. Good agreement between experimental results and theoretical ones was obtained, see Table I. In the theory it is assumed that the fibers are parallel, the distances between fibers are random, all fibers have the same diameter, and the fibers do not move. These assumptions are sufficient to compute the acoustical properties of glass wool with good accuracy. They are adequate for predicting these properties in practical use of glass wool for acoustic purposes.
IV. A]-I'ENUATION AND PHASE SHIFT OF PLANE
TRAVELING
APPENDIX: CORRECTIONS FOR COMPRESSIBILITY MEASUREMENTS
The sound pressure in the glass wool placed in the quarter wavelength resonator was smaller than the pressure in the empty tube. This fact influences the computation of the real part of the compressibility. The resistance of the glass wool gives a dissipation of energy that must be taken into account when one computes the imaginary part of the compressibility from the measured data. The necessary corrections will be shown in this Appendix.
We start by writing the wave equations for the sound in the tube. The momentum equation is -Vp = (Roe-i•op)•i,
where R! is a function of place. It is zero outside the sample. 
•is value makes the pressure inside the •ass wool continuous with the pressure outside the glass wool.
•e velocRy in the tube with glass wool is taken to be ) u= impo2L , for O<x<L.
•e •adient of the pressure was found from Eqs. (A1) and (All).
•is gradient and the pressure from Eqs. (A9) and
